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ABSTRACT
Continuous-fibre-reinforced plastic products show shape distortions when they are released
from the mould after forming at elevated temperatures. The residual stresses and the
resulting spring-forward of a curved product can be modelled, but this requires the threedimensional thermo-elastic properties of a laminate. These are predicted for a woven fabric
reinforced plastic using micromechanics. To verify the modelling, a dilatometer test set-up
is developed to measure the dimensional changes due to temperature changes of curved
strip specimens made of carbon/PEI 5H satin weave fabric laminates.
INTRODUCTION
Continuous-fibre-reinforced curved plastic products are usually formed at elevated
temperatures, using for instance a matched tool die or an autoclave press. They exhibit
distortions when they are cooled to room temperature and detached from the mould. For
example, the enclosed angle of an L-shaped product decreases, see Fig. 1. This effect is
known as spring-forward. It is caused by the residual stresses that are introduced during the
forming process. A large part of these stresses is due to the anisotropic thermal shrinkage of
the composite, which is small in the fibre direction and relatively large in the direction
normal to the fibres.
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1 Decrease of the enclosed angle of an L-shaped
product after moulding

2 Cylindrical segment after temperature deformation
when inplane and through-thickness thermal
expansion are not equal.

MODELLING
Spring-forward
Various researchers have reported on the modelling of spring-forward of composite panels.
Spencer et al. [1] and Kollar and Springer [2] performed a three-dimensional thermo-elastic

stress analysis on a laminated cylindrical segment. Wiersma et al. [3] extended this
approach with a finite element analysis to account for cure shrinkage and the difference in
thermal expansion between the mould and the composite product. Cure shrinkage of the
matrix and residual stresses at the full cure temperature were also investigated by Nelson
and Cairns [4]. Here, the analysis is restricted to the effect of anisotropic thermal shrinkage
of thermoplastic composites.
A simple, one-dimensional solution for the change in arc section enclosed angle can be
derived geometrically by considering the arc lengths and arc height before and after thermal
deformation, see Fig. 2. These depend on the tangential and radial coefficient of thermal
expansion (CTE), respectively. The change in angle is then described by:
Df = f

(a r - aq )DT
1 + a r DT

» f (a r - a q )DT

(1)

where ar and aq are the effective coefficients of thermal expansion in radial and tangential
direction, respectively, and DT is the change from stress-free temperature to room
temperature. When the contribution of arDT in the denominator is neglected, then
equation 1 agrees with the one-dimensional thermo-elastic solution proposed by O’Neill et
al. [5].
The application of equation 1 on a laminated continuous-fibre-reinforced composite arc
section requires the laminate effective CTE's. For laminates built up from unidirectional
plies, the tangential CTE can be calculated using Classical Laminate Theory. But, the
prediction of the radial CTE asks for a different approach, for example as presented by
Goetschel and Radford [6] or Chen and Tsai [7], requesting the three-dimensional thermoelastic properties of each ply. For woven fabric reinforced composites, a micromechanical
analysis is necessary to predict them, taking into account the undulation of the fibre
bundles.
Three-dimensional thermo-elastic properties of woven fabric reinforced composites
Several models have been developed to calculate the elastic and thermal constants of
woven fabric reinforced plastics. The larger part of them consists of a geometrical analysis
to distinguish repetitive unit cells in the weave structure, after which these are described
mathematically using shape functions. With this information, the laminate thermo-elastic
properties are averaged under the assumption of uniform stresses or uniform strains
throughout the laminate. Here, the two-dimensional analysis of Akkerman and De
Vries [8], which is based on the work of Naik and Shembekar [9,10], is followed regarding
the geometrical analysis and extended onwards to predict the three-dimensional thermoelastic constants.
In Fig. 3, the 5 harness (5H) satin weave is represented. In the weave structure, three
geometrically different elements can be discerned. Of one of them, it is demonstrated how
the boundaries of the warp and fill yarns can be described using shape functions. These are
defined as sinusoidal functions of x and y:
hi ( x, y ) = ci F W ( x ) + d i F F ( y ) + m

(2)

where ci and di are constants belonging to the shape function i within a single layer of
woven fabric reinforced plastic with midplane coordinate m. The superscripts F and W
denote the fill and yarn, respectively. The functions FF and FW are given by:
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where ak and au,k denote the lenght of the element and the undulated length of the fibre
yarn, respectively.
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3 Representation of the 5H satin fabric weave, one of its three repetitive elements and the infinitesimal piece
of which the thermo-elastic properties are averaged over the thickness.

With the shape functions hi(x,y), the distribution of the warp yarn, the fill yarn and the pure
matrix over the thickness are known in any point (x,y). Now, the thermo-elastic properties
can be averaged over the volume of the element.
First, the three-dimensional stiffness matrix is averaged over the thickness of an
infinitesimal piece with size dx´dy within the element. This is achieved under the
assumption of uniform inplane strain, uniform out-of-plane normal stress and uniform
transverse shear stresses.
Consider the Hookean constitutive equation for the warp, fill and pure matrix layer with
respect to the global xyz-coordinate system:

{s }(xyzk ) = [C ](xyzk ) × ({e }(xyzk ) - {a }(xyzk ) DT ) , k = W, F, M

(4)

where the components of the different vectors are indexed according to:

{s }(xyzk ) = {s x(k ) , s y(k ) , s z(k ) , s yz(k ) , s xz(k ) , s xy(k ) }T
The superscript k denotes the warp, fill or matrix. The stiffness matrices CF, CW and the
thermal strain vectors aW, aF can be almost completely filled when they are transformed
from principal directions to global coordinates by way of rotation around two axes in the

xy-plane. The assumptions regarding the inplane strains and the through-thickness stresses
imply for the average (conjugate) stresses and strains:
1
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Solving the system of equations 4, 5 and 6, and manipulating the results gives the averaged
constitutive relationship in a point (x,y) of the element:
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(8)

where it is assumed that the element is a sub-laminate within a symmetrically stacked
laminate, thus eliminating the tensile-shear coupling effects. Closed form expressions of the
stiffness matrix C ( x, y ) and the averaged coefficients of thermal expansion a (x, y ) can be
found in [6,7] for laminates made of unidirectional plies.
The thickness-averaged thermo-elastic properties can now be averaged over the element
surface. Following Naik and Shembekar, this can be achieved either by the Parallel/Parallel
(PP) scheme or the Series/Series (SS) scheme, assuming uniform inplane strain or uniform
-1
inplane stress, respectively. Thus, with the compliance matrix S (x, y ) = C (x, y ) :
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The integrals are solved using Gaussian quadrature. The PP and SS scheme give an upper
and lower bound for the stiffnesses, respectively. The CTE's are obtained by averaging the
thermally induced stresses over the element surface, similar to the averaging of the stiffness
and compliance matrices. For the CTE's, the SS scheme now represents the upper boundy,
whilst the PP scheme results in a lower limit.
EXPERIMENTAL

Usually, the total spring-forward of a moulded product is determined by comparing the
final dimensions of the product and the dimensions of the mould, the latter being at room

temperature or at the stress-free temperature. Here, the spring-forward of curved strips is
measured as a function of the temperature.
Specimens

The specimens used for the tests were strips cut out of single curved panels. A sketch of the
strips is depicted in Fig. 4, with dimensions B = 30 mm, Lt = 85 mm, R = 48 mm and
h = 17 mm. They were moulded from woven fabric reinforced polyetherimide (PEI,
ULTEMÒ 2000) prepregs. The fabric consisted of Toray T-300 carbon fibres woven
according to a 5 harness (5H) satin pattern. Two types of 8-ply laminates were used. One
type was stacked as a crossply laminate; the other contained plies with an angle of 45° to
the other layers, representing a more or less quasi-isotropic material. Within the stacking
sequence, the non-symmetry of the 5H weave was accounted for.
The production cycle was similar for both laminates. First, the 8 plies of prepreg were
pressed to a plate in a 390´390 mm2 flat steel mould. This was achieved by preheating to a
temperature of 310 °C at 6 bar during 10 minutes, moulding at 8 bar during 20 minutes and
cooling to ambient temperature at a rate of -5 °C/min. Then, the plate was cut to 4 panels of
size 160´170 mm2, after the disposal of 20 mm of each edge. These were pressed to curved
panels at Fokker Special Products, Hoogeveen, The Netherlands. This was done by preheating the flat laminate in an infrared oven after which the plate was formed on a positive
steel mould using a rubber negative tool. The resulting panels were checked for
irregularities by means of an ultra-sonic scanning device and they were disposed of scrap
edges.
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4 Specimen for the spring-forward experiments
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5 Schematic representation of the quartz glass
dilatometer set-up

Test set-up

A dilatometer measures small temperature dependent displacements. Here, a variant of the
ASTM D-696 standardised dilatometer for the measurement of the coefficient of linear
thermal expansion of plastics, was designed. A schematic picture of the experimental set-up
is shown in Fig. 5.
The specimen stands on a quartz glass plate, which is melted onto three quartz glass
rods. These are glued to a steel flange using special adhesive. On this flange, the
displacement transducer is fixed with a height adjustable clamp. The transducer, a

Heidenhain MT 12 micrometer, measures the displacement of the quartz glass measuring
rod that rests on the specimen. The rod is prevented from sliding off the curved strip by
means of a small notched aluminium ring, which is placed loosely on the top edge of the
strip.
The dilatometer with curved strip specimen is immersed in a Tamson T1000
temperature controlled liquid bath. The liquid, being glycerine, is circulated by an internal
pump through the 5 liter bath, so the heat is well distributed. As a result, the thermal
gradient over the height of the specimen is negligible. The glycerine can be cooled by a
cooling liquid, which is pumped through a spiral tube that is placed against the wall of the
bath. The affinity of the carbon/PEI test material with the glycerine was tested by recording
the transverse strain of unidirectional samples during immersion of 72 hours. The material
showed no measurable swelling that might influence the spring-forward measurements.
The displacement of the micrometer, the temperature of the specimen (top and bottom)
and the temperature of the steel flange and mounting of the micrometer were recorded. The
latter did not increase very much due to the thermal insulation of the bath: about 3 °C at a
testing temperature of 70 °C. The dilatometer was calibrated by recording the thermal
expansion of an 85 mm long block of ZerodureÒ (a = 1×10-7).
RESULTS AND DISCUSSION

The height h and the end-to-end length Lt of the curved strip specimens were measured as a
function of the testing temperature. A typical curve of the spring-forward measurement is
shown in Fig. 6, where Lt is recorded during heating and cooling between room temperature
and about 70 °C. The part of the curve related to the heating stage is not as smooth as the
one during cooling. This effect is due to the rather uncontrolled heating system of the
glycerine bath that operates at a rate of 5 °C/min, which is too high for the composite
specimen. The cooling rate was about 1 °C/min, resulting in a smooth, linear curve.
Through this part, a linear curve was fitted of which the direction cosine was taken as the
parameter for comparison with the theory. The results of the measurements of the changes
of the arc height dh/dT and the length dLt/dT are shown in Fig 7.
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-0.615

7 Measured and predicted values of the temperature
dependent dimensional changes of woven fabric
carbon/PEI curved specimens

The theoretical predictions of the dimensional changes can be formulated by extending the
geometrical analysis with which equation 1 was derived:
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where DT is the difference between room temperature and test temperature, t is the laminate
thickness, R0 is the radius and f0 is the enclosed angle at room temperature. The
coefficients of thermal expansion ar and aq are calculated using the woven fabric
micromechanical model that was previously described. Therefore, the predicted values in
Fig. 7 are denoted with SS and PP. Note that there is not made any distinction between the
crossply and quasi-isotropic laminates, because their effective CTE's do not differ. This
was also observed in the experimental results, which showed no differences for the two layups.
It can be seen that the calculated and measured results agree very well. For the end-toend length Lt, the measured change lies between the upper and lower limit respectively
predicted by the SS and PP model. The differences are about 7%. The measured arc height
does not agree regarding the upper and lower bounds, which both give an underestimation:
4% and 7%, respectively. An explanation can be found in the less ideal mounting of the
specimen when measuring the arc height, where friction occurs between the legs of the
curved strip and the quartz glass bottom plate. Also, the absolute value of the measured
displacement is much smaller than during the length measurement, resulting in a larger
standard deviation.
The total spring-forward of the curved strips was also measured by comparing their
dimensions and the dimensions of the mould. On average, the enclosed angle decreased
1.30° from stress-free temperature (Tg in the case of PEI) to room temperature. The
theoretical decrease was calculated to be 0.96° and 1.0° with the SS and PP scheme,
respectively. So, the thermally induced part of the total distortion is about 75 %.
A similar effect was observed by Hamamoto [11] and Nelson and Cairns [4], but they
conducted their experiments on a thermoset, where a large part of the spring-forward can be
attributed to chemical shrinkage. Other causes that deserve further investigation are present
for the thermoplastic composite tested in this research.
The curved panels, similar to many reinforced thermoplastic products, were pressed on
a steel mould using a rubber press. Thus, the hot laminate is placed between a relative cold
surface with a high heat conductivity and a relative cold surface with a very low thermal
conductivity. This complicates the temperature profile in the laminate during the moulding
cycle, which has its effect on the distribution of the residual stresses.
Another cause for the shape distortions can be the interply shear that occurs when the
flat laminate is draped over the curved mould. The top and bottom ply are subjected to a
tensile and compressive stress, respectively, causing changes in the weave geometry of the
bottom layer. This results in a gradient of thermo-elastic properties over the thickness of the

laminate, intensified by a gradient of the fibre volume fraction as a consequence of matrix
bleed.
The analytical approach will most likely not succeed to take into account all of these
effects, especially when more complicated product geometries are examined. The goal for
further work is to design a finite element analysis (FEA) in which at least the temperature
profile in the laminate is simulated during the moulding cycle, coupled to a (visco-elastic)
thermomechanical model, incorporating the structure of the fabric weave composite.
CONCLUSIONS

A simple model for the prediction of the spring-forward of arc sections was developed. It
requests the effective laminate coefficients of thermal expansion, which depend on the
three-dimensional thermo-elastic properties of the plies. These were predicted for woven
fabric reinforced composites by means of a micromechanical model. The temperature
dependent spring-forward of single curved strips was measured and compared with the
theory. They agreed very well. After comparison with the total spring-forward it can be
concluded that it cannot be modelled with thermo-elasticity alone. Temperature and heat
conductivity effects, interply shear and weave distortions will be examined using FEA.
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